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Abstract 
The complexity of product realization has increased significantly due to the requirements on ecological and social as well as economical 
sustainability. This has led to an increased demand on innovations concerning new materials and product- and process technologies, as well as 
on new business models for a better utilization of products and materials.  
Most innovations occur through a learning process where various actors, individuals as well as organizations, take part. Breakthroughs do not 
necessarily occur within the research or development departments, they are equally likely to occur during production or utilization. The 
challenge thus lies in providing platforms and tools for cross-divisional, collaborative innovation and for sharing Best Practices.  
This paper describes an initiative at KTH Royal Institute of Technology for supporting the integration of various company disciplines and 
external expertise through a collaborative framework where industry and academy can collaborate, supported by modeling, simulation and 
visualization during the innovation process. The approach combines theories and methods concerning innovation and digital factories and 
emphasizes aspects concerning learning, communication and collaboration. 
 
© 2014 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the Scientific Committee of the “8th International Conference on Digital Enterprise Technology - DET 
2014.  
 Keywords: Digital factory; Collaborative Innovation; Open communication standard 
1. Introduction 
The complexity of product realization has changed due to 
the requirements on environmental and social as well as 
economical sustainability. This has led to an increased 
demand on innovations concerning new materials and product 
and production process technologies, as well as on new 
business models for a better utilization of products and 
materials. Most innovations occur through a learning process 
where various actors, individuals as well as organizations, take 
part. Breakthroughs do not necessarily occur within the 
research or development departments, they are equally likely 
to occur during production or utilization. This calls for 
platforms and tools for cross-divisional, collaborative 
innovation and for sharing best practices. 
Further, innovation in terms of new components, processes 
and materials is encouraged with a quick, virtual evaluation of 
alternatives. Today, digital product modeling, digital factories, 
and tools for analysis and simulation are used in industry 
when developing complex products and production systems. 
By efficient modeling and simulation, development times can 
be reduced significantly and resources (time, energy and 
material) be optimized. While many large companies use 
simulation, their tools and information concerning product 
design, production planning and maintenance are often spread 
out and not integrated. This makes it harder to interconnect 
different competence areas and to achieve a coherent basis for 
cross-divisional decisions. In addition, smaller companies do 
often not utilize the potential of simulation since they lack the 
resources to operate or invest in expensive IT tools – or even 
selecting the right tool for the purpose. 
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The purpose of the Engineering Innovation Factory (EIF) 
is to enable innovation by supporting both cross-divisional 
collaboration and virtual analysis. The goal is to establish an 
environment in which industry and academy can collaborate, 
supported by tools for modeling, simulation and visualization. 
The approach combines theories and methods concerning 
innovation with those of digital engineering and visualization, 
leaning on a model for collaborative innovation [1, 2], which 
emphasizes aspects concerning learning, communication and 
collaboration. 
The EIF, with a virtual (digital) and real (physical) 
environment, is comprised of three parts (Fig.1): 1) A Digital 
factory [3] portfolio with IT tools for visualization, digital 
engineering and manufacturing in an architecture which 
integrate the IT-tools and manage information. 2) Methods for 
utilizing and adapting tools and devices to support 
collaborative innovation. 3) Physical environment for 
workshops with advanced visualization devices that encourage 
creativity. 
Two aspects permeate the EIF: collaboration and 
changeability. The goal is not primarily to develop or optimize 
analysis tools, but rather to use and combine these tools for the 
purpose of visualizing, communicating and managing 
perspectives and changes to technologies, products and 
manufacturing systems. There are other environments for 
collaboration based on modeling and simulation [4, 5, 6]. [6] 
provides a physical environment to inspire the users to think 
outside the box, but does not focus on the digital factory as a 
supporting framework.  [4] and [5] provides Digital factories 
and address similar issues as the EIF. The difference is that the 
scope of EIF is to support disruptive changes in technologies 
and materials. It is built entirely on COTS for process and 
layout design, supporting industrial needs in engineering 
change management. Further, EIF will contribute methods for 
choosing and utilizing the tools depending on the task at hand. 
These methods are documented as work process models [7] 
based on industrial studies. 
2. Collaborative innovation based on simulation and 
visualization 
The innovation method includes principles and methods for 
innovation suited for the manufacturing industry. It leans on a 
collaborative innovation model [1, 2] emphasizing aspects 
concerning learning, communication and collaboration [8, 9, 
10]. Further, based on principles for model based development 
of production systems [7, 11], a structured use of digital 
models and simulations will be suggested, where the selection 
of IT-tools is adapted to the needs in the various phases of the 
innovation process. One reason that changes are impeded in 
practice is the fear of what they would entail and the belief 
that the changes are impossible or at least require an 
insurmountable amount of resources to realize. Thus the goal 
with visualizations and simulations is to support the ability to 
envision what the change would entail in practice and how 
these changes could be managed.  
    Simulation and visualization of the whole value chain, from 
ideation to manufacturing, will be used for the purpose of 
learning and establishing a common view of 
interdependencies in the early ideation stage. In the research 
and verification stages, digital product and production 
engineering (CAX) tools are used to test various new ideas by 
exploiting various production issues through applications such 
as CAM, discrete event simulation or 3D motion simulation 
(Fig. 2). 
Visualization is an important tool to support the 
understanding and communication between different 
disciplines. Visualizations are thus effective tools when it 
comes to illustrate and portray appearances and relationships 
and also helps to create a common perception of future 
products and processes [12]. Using visualization in project 
teams during the development of new production systems, 
processes or products, facilitates the possibility of creating a 
common mental image of a future product or process [13]. As 
visualization relieves working memory, capacity is freed for 
problem solving [14]. With a work process continuously 
visualized in the form of eg. sketches and graphs, effective 
work is facilitated over an extended period of time [15]. 
The work method will describe how and when modeling and 
visualization is used in product realization, and guide the 
selection of models and applications depending on purpose 
and specific requirements from the use cases. 
    To summarize, there are requirements both in relation to 
needs in the innovation process and related to the 
configuration and development of the information framework 
as such. Related to innovation, it should provide the ability to 
visualize and simulate whole value chains. Aspects concerning 
the product, production processes, factory and production 
equipment are combined. Further it should support the 
managing of change and tracking of dependencies between 
information in various sources such that the tools that are 
relevant for each task could be used. The Digital factory is to 
be used in various settings and will depend on the needs and 
supplied models of the participants. Thus the applications 
should be possible to select and configure according to each 
use case, and the IT framework developed accordingly. In the 
long run, participants should be able to bring their own tools 
and integrate these with other tools in the Digital factory. 
Fig. 1 Main components of Engineering Innovation Factory 
Fig. 2 Issues and production engineering tools during production life cycle  
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Further, the framework needs to be evolvable, starting with an 
implementation based on current systems and state of the art 
while providing a basis for developing and testing new 
paradigms for “integrated model driven development”. 
3. Information System Architecture 
3.1. System Architecture Reference 
As we have seen above, change, and the management 
thereof, is a key word for the EIF. In this chapter we will 
discuss the consequences this has on the system architecture 
used to implement the Digital factory (DF). We will do so by 
introducing a simple reference architecture, specify the 
requirements on the architecture, and outline how the DF 
architecture will be implemented. 
A typical architecture, used in similar contexts as our DF, is 
outlined in Fig. 3 [16, 17]. At the top we have a set of 
authoring (or desktop) applications, where much of the data is 
created, used and modified. Cad, Cam, and Office applications 
are typical examples of authoring applications. Sometimes 
there is an intermediate layer, application file managers. 
tailored to manage the files from one or several applications. 
Next we have a PLM-system where the unified data model for 
the domain at hand comes together. Generally a relational 
database is used as the persistent storage, combined with a 
protected file system folder structure for application files. 
Additional services provided by the PLM-system are user 
authentication and authorization, version control mechanisms, 
relationship management including enforcement of  referential 
constraints, and a wide range of application integrations (cf. 
below) [18]. Finally we have the ERP-system, which here is a 
catch-all for the systems used to handle the physical flows of 
components, parts, and products. 
We can identify four categories of application integrations 
typically provided by a PLM system: File, attribute, structure, 
and object-relationship integrations 
File integrations means that the application files are 
managed by the PLM system, through some checkin, 
checkout mechanism. Here the PLM system knows nothing 
about the file content, it is just managed as bulk data. 
However, some metadata is generally managed, like file name 
and format, creation and modification dates, etc. 
Attribute integration means that some attributes are transferred 
between the authoring application and the PLM system. Often, 
these attributes are extracted from or posted to the application 
files using an API. Typically title block data, e.g., document 
number and version, status, author, are transferred but any 
available attribute can of course be used. 
Structure integrations here refer to the integration of the 
internal file structures in the authoring applications, e.g., an 
assembly structure in a Cad-system, with an object 
relationship structure, e.g., a Part BOM in the PLM system.. 
This type of integration requires that the PLM-system creates 
or updates objects and relationships to mirror the file 
relationships. 
Object-relationship integrations are essentially identical to 
the structure integration, but they are between the PLM 
system and another database (and not file based) application, 
e.g., an ERP system. For a detailed example and further 
discussion of this integration type see section 3.4. 
Note that all these integration types implies some 
duplication of data. The integrations are normally event 
driven, i.e, they are triggered by system events (e.g., an object 
being released), user interaction, or timing events. 
3.2. System Architecture Requirements 
In our context of the DF, the keyword change has several 
meanings: from simple data changes over business and 
manufacturing process changes to application changes on 
different levels. This wide variety of changes adds to the 
requirements on the DF system architecture. Rapid evaluation 
of different alternative solutions requires tools for managing 
dependencies to allow impact analysis, visualization tools to 
show dependencies and differences between solutions, and 
version management functions to keep track of the different 
alternatives. 
An example of a business process change is to move from 
a sequential, waterfall, process model to an iterative or a 
concurrent model. The requirements here are similar to the 
ones above, but with the additional difficulty of managing 
iterative changes. 
Replacing a traditional machining process with an additive 
manufacturing one is an example of a manufacturing process 
change. This change requires new it-tools (cf. below), but also 
other business processes and development methods. 
Replacing an it-tool is generally simple, provided that the 
level of integration is the same, and that similar APIs are 
available. Increasing the complexity of the integration 
requires both deep understanding of the authoring application 
and an established method to build integrations in the PLM 
system. 
Several scenarios require changes to the unified data 
model. For example, requirement management can be 
implemented either directly in the PLM system of through an 
integration of an external requirement management 
application. These two implementations will result in different 
unified data models. Changing integration levels or adding 
new authoring applications are other examples. These data 
model changes must be quick to implement and easy to 
maintain. 
Fig. 3 System Architecture Reference 
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In summary, there are two main additional requirements, 
i.e., ones that are not immediately supported by current PLM 
systems. First the need for flexibility in a wide sense, 
including supported workflows, data models, applications 
used, and integrations. Second, the need to maintain cross 
domain dependencies, e.g., from a delivered product, over the 
machining center used to manufacture it to the functional 
requirement on the design. 
The requirements discussed above, arise from the overall 
requirement of supporting change. In addition our system 
architecture must provide the services and functions that we 
discussed in chapter 3.1. Note also that our research 
environment in many cases have simpler demands to fulfill 
than an industrial system. Simpler business rules (e.g., for 
product data releases), virtually no problems of handling 
legacy data, and only few users and sites, are the most 
important. 
3.3. Implementation Approach 
On a high level, the architecture needs to manage, 
consolidate and communicate information, functions which 
can be realized in various ways. This will require balancing 
the paradigm of using one standardized and consolidated 
information model as described in section 3.4, with the 
paradigm of managing information which resides in various 
sources as described above. 
The first DF system architecture will at its core have the 
components of the reference architecture. However, several 
other components and principles will be used. STEP will be 
used as the application independent communication format for 
geometry including properties closely related to it, e.g., media 
connection point of machines. Dependency models will be 
used to achieve traceability also across domains. Ultimately 
we will test various approaches to implementing this, such as 
using a graph database or the STEP model as described in the 
next chapter. OSLC [19] provides a light weight integration 
principle which will be tested in the DF. Of special interest 
will be to find criteria where the referential integrity must be 
enforced (typically using a relational database) and where the 
more loosely coupled approach of OSLC is sufficient. 
Additionally, to support rapid reconfigurations of the DF, 
we intend to build it using three layers: An infrastructure 
layer, with hardware like clients, servers, and network and 
basic software like operating system, databases and web 
servers. Second there will be an application layer with most of 
the architecture components as outlined above. Third, there is 
a project layer, where each instance of the DF is implemented 
using the components of the other layers. 
The complete architecture as described here is being 
implemented, but pieces of it have been demonstrated, e.g., 
integrations in [20], and data model reconfiguration in [21]. 
3.4. Integrated and model driven development  
For the purpose of supporting analysis that requires tight 
integration between information in different domains, the 
research in the Digital Factory strives for a consolidated 
digital factory model. Such digital factory would support 
what-if simulations of e.g. how changes in the product 
geometry would affect the process plans, tooling, machine 
tools, and flow of material and even the factory layout if 
reconfiguration was required. Here, the consolidated model 
could be used either as a common database to which various 
applications communicate data, or as a dependency model, 
providing traceability across applications.  
The idea is that based on this integrated and consolidated 
model, various applications (services) can act on the data in 
parallel, enabling faster feedback between activities in 
product design, process planning, control and  measurement.  
One issue for all architectures is handling the use of 
diverse vocabularies. For instance terms such as operation, 
task and process are used differently when representing a 
transformation activity on a work piece, which could result in 
misinterpretation among a process planner and material flow 
analyst. This necessitates a common ontology between the 
involved stakeholders for the information which needs to be 
shared and integrated. The second issue is the lack of 
interoperability among systems from different vendors, which 
can result in loss of data, inconsistency and redundant data 
entries. 
To address these problems with information from various 
applications and vendor systems, the information models 
suggested within the standard ISO 10303 STEP are tested. 
The STEP standard is general and structured to enable 
interoperability and integration of information from various 
perspectives and types of applications. 
Within the area of machining and process planning for 
CNC-machines, the STEP NC-standard provides an 
information model that consolidates information concerning 
products with process and resource data so that product 
geometry, fixtures, stock and cutting tools can be visualized 
and analyzed in the context of the tool paths.  This concept of 
using STEP NC together with STEP AP242 for consolidating 
information (Fig. 5) has been verified, modified and extended 
within the area of process planning and operations with 
Fig. 4 Digital Factory System Architecture 
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applications concerning e.g. tolerance-driven tool 
compensation and traceability [22], and extended to address 
several aspects of the machine tool [23]. 
For the purpose of expanding the scope of the consolidated 
model towards factory planning based on a consolidated 
digital factory, [11] has addressed the representation of layout 
data in STEP and [25] the representation of information 
required to represent material flow, including process control 
logic and follow up data such as TTF with its statistical 
distribution.  
Fig. 6 illustrates a particular case involving multiple people 
(teams), models and tools - assigned to perform and support 
the tasks of factory development. The development 
responsibilities are typically partitioned and handled by 
specific stakeholders, for example Process planners, material 
flow analysts and layout designers (building media, etc.). 
In this scenario defining a minimalistic vocabulary for 
specific design scenarios is considered [26, 27, 28]. This 
vocabulary should obviously be useful for and understandable 
by the corresponding stakeholders, for instance to solve the 
layout design tasks between process planners and flow 
designers and layout designers. The vocabulary will consist of 
a minimal set of concepts, which can then be made part of an 
agreement among stakeholders. To achieve this there is a need 
to analyze individual domains to identify domain-specific 
concepts, properties and relations. The most import result of 
this task is identification of interrelationships among concepts 
which are used in different domains. For example what is the 
cycle time, changeover time of a machining process which is 
required by the flow analyst? What is media requirement of a 
machine (air pressure, voltage etc.) which is required for the 
layout planners of a machine, what is the current spatial 
relationship in the layout which both affects the selection of a 
machine and consequently material flow analysis?  
In order to implement this integration scenario a three 
layered architecture is suggested. This architecture includes 
three levels: Domain specific layer, intermediate layer and 
generic information standard layer.  
From analysis of individual domains, the ontologies of 
domain-specific concepts with properties and relations are 
created, as well as an identification of what information is 
required from other domains. As a result, a set of domain 
ontologies is obtained. 
Domain-independent aspects and processes are found by 
generalization of domain-specific ontologies to form the 
intermediate layer. By defining suitable ontology mappings, 
specific knowledge is mapped into the unified specific 
ontology at the intermediate level. 
If communication or consolidation of the intermediate 
level with other systems is required, a system neutral format 
would be required and in Fig. 7 a mapping of the intermediate 
ontology to the information model of the generic STEP 
AP239 [29] is exemplified. 
The general role of the outlined framework can be 
summarized in the following way: 
x Supporting interoperability of engineering tools by 
provision of common terminology and information model 
employed to describe typical tasks. 
x Enabling communication between design engineers and 
further stakeholders of the design process and represent 
common terminology and language.  
x Enabling reuse of concepts when developing an application 
in the design environment, so that development activities 
can build on existing domain concepts 
 
 
 
  
Fig. 5 Consolidated information model for process planning [24] 
Fig. 6 People, models and tools involved in design of a factory layout 
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4. Conclusion  
Most innovations occur through a learning process where 
various actors, individuals as well as organizations, take part. 
Further, innovation in terms of new components, processes 
and materials is encouraged with a quick, virtual evaluation of 
alternatives.  
A reason that changes are impeded in practice is the fear of 
what they would entail and the belief that the changes are 
impossible or at least require an insurmountable amount of 
resources to realize. Thus the goal with visualizations and 
simulations is to support the ability to envision what the 
change would entail in practice and how these changes could 
be managed.  
The Engineering Innovation Factory (EIF) project 
described in this paper is based on an approach to combine 
theories and methods concerning innovation and change 
management with those of digital engineering and 
visualization, leaning on a model for collaborative innovation 
which emphasizes aspects concerning learning, 
communication and collaboration. 
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